Plasmons in graphene nanoresonators have large application potential in photonics and optoelectronics, including room-temperature infrared and terahertz photodetectors, sensors, reflect-arrays or modulators [1] [2] [3] [4] [5][6][7] . Their efficient design will critically depend on the precise knowledge and control of the plasmonic modes. Here, we use near-field microscopy [8] [9] [10] [11] between λ = 10 to 12 m wavelength to excite and image plasmons in tailored disk and rectangular graphene nanoresonators, and observe a rich variety of coexisting Fabry-Perot modes. Disentangling them by a theoretical analysis allows for identifying sheet and edge plasmons, the later exhibiting mode volumes as small as 10 λ . By measuring the dispersion of the edge plasmons we corroborate their superior confinement compared to sheet plasmons, which among others could be applied for efficient 1D coupling of quantum emitters 12 . Our understanding of graphene plasmon images is a key to unprecedented in-depth analysis and verification of plasmonic functionalities in future flatland technologies.
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At infrared and terahertz frequencies, doped graphene can support electrically tunable graphene plasmons (GPs) -electromagnetic fields coupled to charge carrier oscillations -with extremely short wavelengths and large confinement [13] [14] [15] [16] [17] . For that reason, graphene has a great potential for controlling radiation on the nanometer scale 18 , which largely benefits the development of highly sensitive spectroscopy 3 and detection [19] [20] [21] applications. The electromagnetic field concentration achieved by GPs can be further enhanced by fabricating nanostructures acting as Fabry-Perot resonators for GPs (for example disks or ribbons) 1, 2, 6, 7, 22 , favoring strong absorption in arrays of the resonators (up to 40%) 7 . Until now, localized plasmonic modes in graphene ribbons and disks have been analyzed experimentally essentially by far-field spectroscopy 1, 2, 6, 7, 22 . With this technique, however, neither the mode structure, nor the unique plasmonic edge modes are accessible. A comprehensive experimental characterization of graphene plasmonic nanoresonators and their sheet and edge modes has thus been elusive so far. On the other hand, plasmonic edge modes have been shown to propagate along sharp edges of gold films, graphene and 2D electron gases 11, [23] [24] [25] [26] [27] [28] and provide stronger confinement of the electromagnetic fields compared to the sheet plasmons.
Here we image and analyze the near-field structure of both plasmonic sheet and edge modes in graphene disks and rectangular nanoresonators. We employ scattering-type scanning near-field optical microscopy (s-SNOM) 29 , which to date is the only available tool for real-space imaging of the propagation and confinement characteristics of graphene plasmons 8, 9, 11 . The lack of a detailed understanding of graphene-plasmonic s-SNOM contrasts, however, has not allowed yet for a comprehensive analysis of plasmon modes in graphene nanostructures. We tackled this problem by three-dimensional numerical simulations, revealing that puzzling negative plasmonic s-SNOM contrasts [8] [9] [10] are governed by a spatially varying Fanolike interference between the near field of the probing tip and the graphene plasmons.
This finding lets us disentangle the rich variety of coexisting Fabry-Perot modes, allowing for identifying edge and sheet modes, as well as for separating them either spatially or spectrally. Figure 1a introduces s-SNOM imaging of localized GPs. A metal tip is used as nearfield probe. It concentrates the incident field to a nanoscale spot at the tip apex, providing the necessary momentum to excite GPs in a graphene nanoresonator.
Interaction of the resonating GP field with the tip modifies the tip-scattered field.
Recording the magnitude of this field as a function of the tip position thus yields realspace near-field images |E s (x,y)| (see Methods).
For identifying plasmon modes and resonances, we imaged a set of disks with a diameter d increasing from 50 to 450 nm, tailored to exhibit GP resonances at the two illumination wavelengths  0,1 = 11.06 m and  0,2 = 11.31 m (Fig. 1b) . For both wavelengths we observe several significant near-field features: a bright ring and a dark centre for the small disks (50 to 75 nm), a dark ring and a bright centre for medium sized disks (150 to 200 nm) and a dark centre for disks with a diameter around 350 nm. To better understand the experimental near-field images, we plot the near-field field signal |E s | at two fixed tip positions (centre and edge of the disks) as a function of d (Figs. 1g,h ). In the disk centre, we indeed find strong peaks around d = 200 nm, providing clear evidence of a GP resonance (Fig. 1g) . A resonance behavior is also found at the edge (Fig. 1h ), but the peaks emerge at much smaller disk diameters (around d =75 nm), indicating that a different plasmonic mode is excited.
The peaks shift to larger disk sizes when the illumination wavelength is increased from  0,1 to  0,2 , which is a typical characteristics for plasmon excitations 1, 7 . These results show that the near-field images of the disks comprise the position-dependent excitation of different plasmonic modes, which challenges the interpretation of the observed GP patterns.
We analyze the near-field images with the help of numerical electromagnetic calculations (for details see Methods and Supplementary Section A). We approximate the illuminated tip by a dipole source above the graphene disk located on a substrate (Fig 1b) . By plotting the near field below the dipole as a function of its position, we obtain simulated near-field images, |E z (x,y)| (Fig. 1d) , which are in excellent agreement with the experimental ones, |E s (x,y)| (Fig. 1c) . A good agreement is also found between the experimental and calculated resonance peaks when the tip and the dipole, respectively, are located in the disk centre ( Fig. 1g and i) . When the dipole is located at the disk edges, the model yields a strong peak (e1) for small diameters (Fig.   1j ), which is also clearly seen in the experiment (Fig. 1h) . The higher-order resonances seen in the simulations (e2, e3 in Fig. 1j ) do not appear in the experiment (Fig. 1h) , which we attribute to the limited number of data points and signal-to-noise ratio. Having established its validity, we can apply the model in the following to reliably connect the near-field image contrasts with the various GP modes.
In order to recognize the individual GP modes, we calculated the spatial near-field distribution above selected graphene disks for different fixed dipole positions (Fig.   1f ). When the dipole (position marked by a green dot) is located at the centre of one of the brightest disks (d = 250 nm), we clearly recognize a circularly-symmetric breathing mode (c1 in Fig. 1f ), which subsequently can be assigned to the strong resonance peak in Figs. 1g,i. In contrast, a completely different plasmon mode appears when the dipole is located at the edge of the same disk (e3, Fig. 1f ): the field oscillations are strongly confined to the edge and propagate along it, obviously revealing an edge mode. Perpendicular to the edge, the fields decay by a factor of 1/e at a distance of  e /2 = 30 nm =   , where  e = 190 nm is the wavelength of the edge plasmons. With decreasing the diameter, the number of the field oscillations decreases (e1,e2). Around d = 100 nm, the edge mode transforms into the fundamental dipolar mode (e1), resulting in the resonance peak at d = 75 nm (Figs. 1h,j) and a bright ring decorating the graphene edge, which can be seen in both experiment and simulation (Figs. 1c,d ). These results provide direct evidence that the tip can efficiently excite and probe both plasmonic sheet and edge modes in graphene nanoresonators. Surprisingly, we find in both experiment and theory that the disk edge appears darker than the substrate for all diameters d > 100 (referred to as negative near-field contrast), although edge plasmons are excited (see e.g. e4 in Fig. 1f) . Similarly, the excitation of the breathing mode (c1, Fig. 1f ) yields negative contrasts for disk diameters larger than 300 nm (i.e. the disk centre is darker than the substrate).
Considering that the tip-induced GP excitation in the nanoresonators is a resonant process, we can assume that E z,GP is phase-shifted compared to the dipole's near field above the substrate, E z,sub . This phase shift depends on the disk size relative to the resonant disk size, and can lead to constructive or destructive interference, yielding positive or negative near-field contrast, respectively. To corroborate the phase shift and interference effects, we calculated both E z,sub and E z,GP (see Supplementary Section A). The results obtained for both e2 and c1 modes are illustrated (for clarity not quantitatively) in the complex plane (Fig. 1e) . We find that small phase shifts between E z,sub and E z,GP (breathing mode c1, upper panel of Fig. 1e ) increase the amplitude (length of the arrows) of the total near field above graphene, E z = E z,sub + E z,GP . Conversely, for strong phase shifts (edge mode e2, lower panel of Fig. 1e ) the total near-field amplitude is reduced, which shows that interference of E z,sub and E z,GP can make plasmon patterns to appear in negative contrast in the near-field images.
This effect can be interpreted as a Fano-like resonance 30 , where a non-resonant scattering process (E z,sub ) interferes with a resonant scattering process (E z,GP ). The Fano-like resonance can be appreciated by the asymmetric line shapes in Figs. 1g,i.
Based on this novel understanding of the GP near-field contrasts, we are able to properly recognize the specific GPs modes comprising the near-field images.
Particularly, our analysis explains that the edges of large graphene flakes appear dark in near field images (as experimentally observed in Fig. 1b and in [8] [9] [10] ), owing to the excitation of edge modes and their destructive interference with dipole's near field ( Fig. 2 ). In the resulting spectra (Figs. 2d-f) we find several peaks close to the imaging wavelength ( 0 , marked by vertical lines in
Figs. 2d-f), indicating the resonant excitation of different GP modes. Because of their spectral overlap, the monochromatic near-field images exhibit complex GP interference patterns. As before in Fig. 1 , the asymmetric line shape of the peaks can be explained by the Fano-like interference between the tip-induced GPs, E GP , and the field below the dipole, E GP (see discussion above).
For identifying the GP modes and for recognizing them within the near-field images, we calculated the spatial near-field distribution above the resonators that are generated by the dipole located at positions A-F. In order to isolate the modes, the calculations were performed at the individual peak wavelengths. The near-field distributions (labelled w1, s1-s3 and e1-e4 in Fig. 2 ) clearly reveal the typical pattern of fundamental and higher order resonator modes. Similar to the disk resonators, we find direct evidence for sheet modes (s1-s3), edge modes (e1-e4) and the fundamental waveguiding mode w1 (the numbers indicate the order of the mode). between the fundamental dipolar GP sheet mode s1 and the tip-substrate near-field interaction is small. With increasing resonator width we observe the evolution to the higher order sheet modes (near-field distributions s2 and s3), which in the near-field images manifest as bright fringes.
We finally aim on measuring the wavelength and dispersion of the GP edge modes in comparison to sheet modes. For that reason, we study in Fig. 3 a large graphene structure (near-field image shown in Fig. 3a) , which size exceeds the GP propagation length, thus avoiding Fabry-Perot resonances and sophisticated full spectral analysis 28 . We find that the edge GPs launched by the tip predominately reflect at the corner, manifesting in the near-field image as a black dot located exactly at the corner (Fig. 3a, Figs . 2a-c, and Supplementary Section B) 11 . This reflection yields interference patterns in the near-field profiles (dashed curves in Fig. 3b , extracted along the dashed white line in Fig. 3a ) similar to those of the sheet plasmons (solid curves in Fig. 3b , extracted along the solid vertical white line in Fig. 3a) .
Interestingly, the distance  e between the two first minima of the edge profile is shorter than the distance  s observed in the sheet profile, indicating that the wavelength of edge plasmons is shorter than that of sheet plasmons. While both  e and  s decrease for shorter illumination wavelengths  0 , their ratio is rather constant for all  0 (symbols in Fig. 3c ), in agreement with the quasi-static analytical approximation for the edge plasmon dispersion in 2D electron gas 23 . For quantifying the wavelength of the edge plasmons,  e =  p  e  s , we measure the wavelength of the sheet plasmons,  p , according to previous works 8, 9 .
To that end, we measure the distance between the second and third signal maxima of the sheet profiles, yielding  p /2 (as indicated in Fig. 3a,b) . . We finally corroborate and illustrate our results by calculating the nearfield distribution above the graphene, which is generated when a dipole is placed above the corner (marked by the green dot). The near-field distribution confirms that the wavelength of edge plasmons is shorter than that of sheet plasmons (Fig. 3e) . We further find an excellent agreement between the calculated (Fig. 3d , employing the model described above) and experimental ( Fig. 3a) near-field images, particularly confirming that the black dot at the corner is due to interference of edge plasmons launched by the tip.
In conclusion, real-space imaging and in-depth analysis of resonant GP modes in nanopatterned graphene structures has revealed a rich variety of plasmon modes, which can be categorized as sheet and edge modes. Particularly, it enabled the observation of ultra-confined resonating edge modes with mode volumes as small as
10
. We anticipate that real-space analysis of GPs could be of great benefit for the development and quality control of emerging graphene plasmonic technologies, particularly when novel design concepts and 2D material heterostructures have to be tested and verified. Further, we believe that the developed understanding of grapheneplasmonic near-field contrasts is broadly applicable to other 2D materials. Among others, near-field microscopy could be applied for exploring polariton edge modes in thin films of van-der-Waals crystals, plasmons in nanopatterned topological insulators, non-reciprocal 1D plasmons 32, 33 or plasmons and phonons in mid-infrared and terahertz detectors based on 2D materials and heterostructures.
Methods

Fabrication of graphene resonators.
Monolayer graphene samples were grown on a 25 μm-thick copper foil (Cu) catalyst 
Simulation model.
The numerical calculations were done by the finite boundary elements method (Comsol). The graphene was modeled as a homogenous 2D conducting layer with the conductivity given by the random-phase approximation [13] [14] [15] [16] [17] . The conductivity jumps abruptly to zero at the graphene edge, thus breaking the translation symmetry. We completely neglect contributions from modifications of the electronic spectrum This approach is significantly different from previous simulations, where the local density of optical states was calculated 8 . We take into account the phase of the near fields. We are thus able to reproduce both negative and positive contrast features observed in the experimental near-field images, which have been observed previously but not explained until now.
In the calculations of Fig. 2 we had to vary slightly the Fermi energy in the calculations (E F = 0.30 eV in Fig. 2a , E F = 0.28 eV in Fig. 2b and E F = 0.31 eV in Fig.   2c ) in order to obtain the best agreement with the experimental and calculated nearfield images, |E s | and (|E z |, respectively. We explain this need by an inhomogeneous spatial doping of the graphene sheet.
For calculations of the spectra in Figs. 2d-f, the dipole was placed at a fixed position above the resonator, and the near field below the dipole was calculated as a function of λ 0 . The spatial near-field distribution of the modes in Fig. 2 were obtained at the following wavelengths  0 : Fig. 2a : e1 at 11.08 m, w1 at 11.64 m, s1 at 10.44 m; 
A.1. Description of the model
In the s-SNOM experiments the sharp metallic tip is illuminated by the incident laser beam. The tip acts as an optical antenna converting the incident light into a strongly confined near field below the tip apex. This localized near field provides the necessary momentum to excite plasmons in the graphene nanoresonators. Both numerical 1, 2 and analytical 1 quantitative studies of s-SNOM experiments meet substantial difficulties in simulating near-field images, owing to the complex near-field interaction between the tip and the sample. For example, numerically calculated s-SNOM images of plasmons in graphene have not been able up to now to explain details observed in experimental s-SNOM images. Among others, it has been not understood up to now why graphene edges appear dark in experimental s-SNOM images.
In order to achieve a deeper understanding of s-SNOM images of graphene nanoresonators, we developed a simple model that allows for elucidating the physics behind the s-SNOM images. We approximate the tip by a dipole source (with a constant dipole moment). This is different from the usual dipole model, in which the effective dipole moment is given by the product of the exciting electric field and the polarizability of a sphere 3 . Our significant simplification of the usual dipole model can be justified by the fact that the volume of the real metallic tip is approximately 5 orders of magnitude larger than the volume of the graphene resonators (20 m 3 for a pyramid-shape tip of 10 m length against 3·10 -4 m 3 for a square graphene resonator with a side length of 1 m). Because of such a mismatch in volumes, the polarizability of the dipole is weakly affected by the plasmon excited in the graphene nanoresonators. Back-action of the graphene plasmons (GPs) onto the tip can be thus neglected.
When the point dipole source is placed above the substrate, it generates the near field in a confined volume around the dipole. The field above the substrate, E z,sub , can be represented by the sum of the primary near field (generated by the dipole without the substrate) and the near field reflected from the substrate 4 . When a graphene nanoresonator is placed below the dipole on the substrate, the near field E z,sub couples to graphene plasmons, the later described by their electric field E z,GP . The total near field E z between the dipole and the resonator can be approximated by sum of E z,sub and E z,GP (the latter being a function of E z,sub ), E z = E z,sub + E z,GP (E z,sub ). Calculating the amplitude of the near field, |E z |, as a function of the dipole position (x,y), (for the full wave simulations we use Comsol software) we can simulate nearfield images. Even the finest details in the experimental s-SNOM images are well reproduced by these simulated images (see Fig. 1b,d , Fig. 2 and Fig. 3 a,d ), which lets us conclude that the calculated field between the dipole and graphene resonator, E z , provides a valid numerical description of the signals measured by s-SNOM.
We stress that the simplicity of our model and its capability to reproduce, for the first time, even the finest details of the experimental near-field images are the key to identifying puzzling negative image contrast as Fano-like interference and to disentangling of the various overlapping GP modes.
We note that our simulations (where fields are calculated) are significantly different to maps of the local density of the optical states (LDOS) 5 , which were previously used to describe GP patterns in near-field images. Most important, a detailed comparison of LDOS maps and experimental near-field images (e.g. in 5 ) shows that LDOS maps cannot fully reproduce and explain the experimental near-field images (for example why graphene edges appear dark in near-field images). Fig. 1S shows the numerical spectral analysis of the plasmonic modes in the disk resonators. The vertical point dipole source was placed at the distance h = 140 nm from the disk surface either above the centre or the edge (marked by the points A and B in Fig. S1a, respectively) . We calculated the near-field E z , at z NF = 15 nm above the disk (illustrated in Fig. S1a ) as a function of the disk diameter.
A.2. Modes in the disk resonators
The upper panel of Fig S1b, shows the absolute value of the total near-field, |E z |, for convenience normalized to |E z,sub | (the same result is shown in Fig. 1i ,j for   11.31 m). We see the asymmetric resonance peaks, which, as explained in the main text, correspond to the excitation of various GP modes. The asymmetry of the resonances can be explained by a Fano-like interference 6 , in which a non-resonant process (near-field created by the dipole E z,sub ) interferes with the resonant one (near-field of the resonantly excited GP mode E z,GP (E z,sub )). This interference can be described by E z = E z,sub + E z,GP (E z,sub ), as explained above in Section A.1. We can thus calculate the GP field by a complex-valued subtraction: E z,GP = E z -E z,sub. The amplitude and phase spectra of the resulting plasmon field, E z,GP , are shown in the middle and lower panels of Figs. S1b. In the amplitude spectra, the resonance peaks are nearly symmetric and accompanied by strong phase changes (which is a typical observation for resonance phenomena). The remaining slight asymmetry of the peaks in the amplitude spectra we attribute mainly to the overlap of the different excited GP modes. We find that the peak positions of E z,GP (Fig. S1b , middle panel) are shifted to larger disk diameters compared to the peak positions observed in the total field E z (Fig. S1b, upper  panel) . Importantly, it is the peak position of E z,GP that determines the resonance of the GP modes, rather than the peak position of E z . However, the near-field distributions calculated either at the peak position of E z or E z,GP do not have any significant visual difference. Therefore, the GP modes shown in Fig. 1f of the main text were calculated at the peak positions found in the spectra E z . Based on the results shown in Fig. S1b , we can explain the positive and negative image contrasts of GPs. To that end, we plot the different fields (qualitatively) in the complex plane shown in Fig. 1e of the main text. The amplitude and phase of the GP fields E GP,c1 and E GP,e1 (orange arrows in Fig. 1e ) correspond to the orange arrows in Fig. S1b (middle panel), respectively black double-head arrows in Fig. S1b (lower panel) . The GP fields E GP,c1 and E GP,e1 (orange arrows in Fig. 1e ) add to the field E sub below the dipole (black arrows in Fig. 1e and dashed black line in Fig. S1b (upper panel) ), yielding the total fields E c1 and E e2 (green arrows in Fig. 1e and Fig. S1b (upper panel) . Because the phase difference  c1 between E GP,c1 and E sub is smaller than /2, the total field amplitude |E c1 | is increased (leading to positive contrast of the centre of the 250 nm diameter disks in Figs. 1b,d ). On the contrary, because the phase difference  e2 between E GP,e2 and E sub is larger than /2, the total field amplitude |E e2 | is decreased (leading to negative contrast of the edges of the 125 nm diameter disks in Figs. 1b,d) .
A.3. Modes in the rectangular resonators
In Fig. S2 , analogously to the graphene disk resonators, we performed a similar analysis of the modes in the graphene rectangles (illustrated in Fig. S2a) . We calculated the near fields E z and E z,GP as a function of the excitation wavelength,   , for different positions of the point dipole. The top panels of Figs. S2b-d display the spectra of the total field E z (the same graphs are shown in Fig. 2 of the main text). As described above, we subtract the dipole field, E z,sub , from the total field, E z , in order to obtain the GP field, E z,GP . Amplitude and phase of E z,GP are shown in the middle and lower panels of Figs. S2b-d. As in Fig. 1Sb , we observe nearly symmetric peaks in the amplitude spectra, which are accompanied by strong phase changes. We find that the peak positions of E z,GP (Figs. S1b-d, middle panel) are shifted to smaller wavelengths compared to the peak positions observed in the total field E z (Figs. S1b-d, upper panel). For that reason, the GP modes in the main text were calculated at the peak positions found in the spectra E z,GP . In the spectra shown in Fig. 2 of the main text (displaying E z ), the mode positions (marked s1, e1 etc) thus do not coincide with the peak positions. 
B. Reflection of edge modes at defects
In the near-field images of Fig. 2a -c of the main text we observe black dots decorating the edges (modulation of the contrast along the edges) of the graphene nanoresonators. We explain them as edge GP modes, which due to reflection at the corners yield standing wave patterns, i.e. Fabry-Perot resonances. The excellent agreement between the experimental and simulated near-filed images, as well as the numerical spectral analysis (shown in Fig. 2d-f and Fig. S2b-d ) corroborate this explanation.
We note that the black dots are always present -and with well-defined circular shape -at the corners of the rectangles. For the large rectangle in Fig 2c, however, we observe that the black dots along the sides are less regular and less defined. We attribute this observation to defects at the edges acting as additional reflectors for edge GP 7 . The multiple (weaker)
reflections of GPs at defects between the corners thus result in less regular dot patterns along the edges. Our assumption that edge GPs are reflected at edge defects is confirmed by several experiments (not shown), where we observe black dots far away from the corner (further than the propagation distance of the edge GPs). The periodicity of these dot patterns does not change upon variation of the illumination wavelength, indicating that the dot pattern is not due to interference of propagating edge plasmons but rather due to reflection of the edge plasmons at stationary defect. The centre of the dot marks the location where the reflection occurs. A similar observation is actually made at the vertical edge of Fig. 3 . Imaging at different wavelengths (Fig. S3 ) reveals that the position and periodicity of some of the black dots along the vertical edge does not change (marked by horizontal dashed lines in Fig. S3 ). We conclude that the dots along the vertical edge are caused by interference of tip-launched edge plasmons being reflected not only at the corner but also at defects along the edge. Consequently, the periodicity of the black dots is determined by the distribution of defects rather than by the plasmon wavelength, preventing us to determine the dispersion form measuring the periodicity of the black dots. On the other hand, the plasmonic origin of the black dots at edges and corners is confirmed by their increasing diameter with increasing illumination wavelength.
Along the horizontal graphene edge of Fig. 3 we find that the intensity of the black dots (and subsequently the presence of defects) is rather weak (i.e. the graphene edge is seen as a nearly homogeneously dark fringe). Only at the corner we observe a well-defined black spot. We conclude that edge plasmons are dominantly reflected at the corner. The absence of black dots further away from the corner we attribute to the short propagation length of the edge GPs, owing to their strong confinement and rather ill-defined edge geometry (note that the edge were produced by etching), the later resulting in increased damping. Because of the dominating reflection of edge plasmons at the corner, we succeeded to determine the dispersion of edge plasmons by analyzing near-field profiles along the horizontal edge (see description of Fig. 3 in the main text). quality is similar compared to graphene plasmons on standard SiO 2 substrates. In this work we present the best-quality results, which for disk resonators were obtained on a standard SiO 2 substrate (Fig. 1) , for rectangular resonators on a CaF 2 substrate with thin SiO 2 layer (Fig. 2) , and for graphene plasmon edge modes on a standard SiO 2 substrate (Fig. 3 ).
C. Notes for the fabrication of the graphene resonators
